Reverse transcription of retroviral RNA genomes produce a doublestranded linear cDNA molecule. A host degradation system prevents a majority of the cDNA molecules from completing the obligatory genomic integration necessary for pathogenesis. We demonstrate that the human TFIIH complex proteins XPB (ERCC3) and XPD (ERCC2) play a principal role in the degradation of retroviral cDNA. DNA repair-deficient XPB and XPD mutant cell lines exhibited an increase in transduction efficiency by both HIVand Moloney murine leukemia virus-based retroviral vectors. Replicating Moloney murine leukemia virus viral production was greater in XPB or XPD mutant cells but not XPA mutant cells. Quantitative PCR showed an increase in total cDNA molecules, integrated provirus, and 2LTR circles in XPB and XPD mutant cells. In the presence of a reverse transcription inhibitor, the HIV cDNA appeared more stable in mutant XPB or XPD cells. These studies implicate the nuclear DNA repair proteins XPB and XPD in a cellular defense against retroviral infection.
Reverse transcription of retroviral RNA genomes produce a doublestranded linear cDNA molecule. A host degradation system prevents a majority of the cDNA molecules from completing the obligatory genomic integration necessary for pathogenesis. We demonstrate that the human TFIIH complex proteins XPB (ERCC3) and XPD (ERCC2) play a principal role in the degradation of retroviral cDNA. DNA repair-deficient XPB and XPD mutant cell lines exhibited an increase in transduction efficiency by both HIVand Moloney murine leukemia virus-based retroviral vectors. Replicating Moloney murine leukemia virus viral production was greater in XPB or XPD mutant cells but not XPA mutant cells. Quantitative PCR showed an increase in total cDNA molecules, integrated provirus, and 2LTR circles in XPB and XPD mutant cells. In the presence of a reverse transcription inhibitor, the HIV cDNA appeared more stable in mutant XPB or XPD cells. These studies implicate the nuclear DNA repair proteins XPB and XPD in a cellular defense against retroviral infection.
AIDS ͉ ERCC2 ͉ ERCC3 ͉ HIV ͉ xeroderma pigmentosum
A fter entry into a host cell, retroviruses must copy their genomic RNA to a linear cDNA. A preintegration complex (PIC) is formed that contains the retroviral cDNA and viral and host proteins. Lentiviral PICs are able to traverse an intact nuclear membrane. Once inside the nucleus, the viral integrase protein catalyzes covalent joining of the cDNA into the host chromosome, yielding a provirus. A functional provirus is necessary to continue the viral life cycle. Alternative fates for the viral cDNA include formation of 1LTR circles, 2LTR circles, or degradation. Circle formation has long been taken as a measure of successful nuclear import of the PIC, because these products are not observed in the cytoplasm. The mechanism of cDNA degradation has not yet been elucidated.
Many recent studies implicate roles for host DNA repair proteins in the retroviral life cycle (1) (2) (3) . XPB (ERCC3) and XPD (ERCC2) are DNA helicases with opposing polarity that function as integral components of the TFIIH protein complex. TFIIH is required for basal transcription and nucleotide excision repair (NER) (4) . The helicase activity of TFIIH is required to separate DNA strands at a promoter during transcription or at a site of DNA damage during NER. Both XPB and XPD are conserved and are essential in eukaryotes, precluding the establishment of null cell lines (5) . Hypomorphic mutations of either XPB or XPD may lead to three recessive diseases with varying severity: trichothiodystrophy (TTD), xeroderma pigmentosum (XP), or associated XP and Cockayne syndrome (6) (7) (8) . TTD-associated mutations appear to affect mainly transcription activity, whereas mutations associated with XP affect NER activity (9, 10) . Although Ͼ20 mutations of XPD have been described, only three mutations of XPB have been observed in the human population, suggesting that mutations of XPB may be incompatible with survival (11) .
Here we demonstrate that transduction by HIV or Moloney murine leukemia virus (MMLV)-based retroviral vectors was substantially greater in XPB or XPD mutant cells compared with isogenic complemented cells. Replicating MMLV viral production was greater in XPB or XPD mutant cells. There was no effect on transduction efficiency or MMLV viral production with other DNA repair-deficient cell lines. Cell death induced by retroviral infection did not account for the difference in transduction efficiency. Total retroviral cDNA, 2LTR circles, and integrated provirus were all increased in XPB or XPD mutant cells. Our results are consistent with the conclusion that XPB and XPD reduce HIV and MMLV integration efficiency by enhancing the degradation of retroviral cDNA and, thereby, reducing the available pool of cDNA molecules for integration.
Results
HIV and MMLV Transduction. HIV-based retroviral vector transduction efficiency was evaluated in XPB and XPD mutants and complemented cell lines (Table 1 , which is published as supporting information on the PNAS web site). XPB mutant cell lines were derived from one patient with the TTD-associated mutation T119P [XPB(T119P)] and a second patient with the XP͞CS-associated mutation F99S [XPB(F99S)] (12). The more severely NER-defective XPB(F99S) cell line was complemented with a WT XPB allele (XPB-wt) or the XPB(T199P) allele (XPB-prt) (prt, partially). The XPB-prt cell line exhibits a prt rescued NER phenotype compared to the parent XPB(F99S) cell line and the XPB(T119P) cell line (12) . The XPB mutant and complemented cell lines are isogenic with the exception of the XPB(T119P) cell line. The isogenetic backgrounds of these cell lines provide a unique platform for evaluating the singular effect(s) of the complemented gene.
The NER activity of these cell lines was confirmed by examining UV sensitivity (Fig. 5A , which is published as supporting information on the PNAS web site). The XP͞CS cell line XPB(F99S) was most sensitive to UV irradiation, but viability was rescued by complementation with the WT XPB gene. The TTD cell line XPB(T119P) exhibits near WT UV sensitivity, as reported in ref. 12 . The prt complemented XPB-prt cell line has an intermediate UV-sensitive phenotype, indicating only partial rescue of the NER defect. The UV sensitivity of the XPB cell lines is XPB(F99S) Ͼ XPB-prt Ͼ XPB-wt Ϸ XPB(T119P).
These XPB mutant and complemented cell lines were transduced with an HIV-based retroviral vector expressing the GFP gene driven by a CMV promoter (HIV-GFP), and transduction was quantified by flow cytometry ( Fig. 1; ref. 13 ). The HIV-GFP vector faithfully recapitulates the early steps of the HIV life cycle from reverse transcription through integration (14, 15) . The percentage of cells expressing GFP significantly decreased with increasing XPB activity, suggesting a decrease in transduction efficiency ( Fig. 1 A, left) . The fully rescued XPB-wt cell line and the XPB(T119P) cell line displayed the least transduction efficiency. The XPB(T119P) mutation is the least defective for XPB activity (12) , suggesting that transcription-associated mutations of XPB only marginally affect HIV transduction. The more severe XPB(F99S) mutation led to a Ͼ100% increase in transduction efficiency (P ϭ 0.01). The XPB-prt yielded an intermediate transduction increase of 39.9% (P ϭ 0.04). The least severe XPB mutation XPB(T119P) had only a 4.5% increase in transduction efficiency, which was not statistically significant (P ϭ 0.4). Infection with an MMLV-based retroviral vector (MMLV-GFP) showed the same trend of decreasing transduction efficiency with increasing XPB activity, suggesting conservation of these effects in retroviruses ( Fig. 1 A, right) . Transduction efficiency of the XPB cell lines was XPB(F99S) Ͼ XPB-prt Ͼ XPB(T119P) Ϸ XPB-wt.
HIV transduction efficiency also was evaluated in XPD cells (Fig. 1B) . Two independent XPD cell lines were derived from XP patients expressing an R683W mutation [XPD(R683W)] that accounts for Ϸ64% of observed XPD patients (10, 16, 17) . Both of the XPD(R683W) cell lines were complemented with WT XPD (XPD-wt), yielding two pairs of matched isogenic mutant and complemented cell lines. The NER defects in XPD(R683W) cell lines and rescued in XPD-wt cell lines was confirmed by sensitivity to UV irradiation where XPD(R683W) Ͼ XPD-wt ( Fig. 5B ; data not shown).
Transduction of these cell lines with HIV-GFP revealed fewer XPD-wt cells expressing GFP than XPD(R683W) mutant cells (Fig. 1B) . The increase of HIV transduction efficiency in XPD(R683W) cell lines compared to the XPD-wt cell lines was 15.3% (P ϭ 0.009) and 17.2% (P ϭ 0.0002). Transduction of these cell lines with MMLV-GFP also showed a similar decrease in transduction efficiency in XPD-wt cells (Fig. 1B) . The observed differences in transduction efficiency between mutant and complemented XPB or XPD cell lines were not affected by varying the multiplicity of infection (MOI 293T ) below 10 MOI 293T ( Fig. 6 A and B, which is published as supporting information on the PNAS web site). Both transduction efficiency and UV sensitivity show the same trend in the two pairs of cell lines, XPD(R683W) Ͼ XPD-wt.
The Role of Other DNA Repair Factors on Integration. XPB and XPD proteins do not exist as singular proteins in the cell: They are part of the TFIIH complex, which plays a role in both transcription and NER. The XPA protein is required for NER but has no role in transcription because it is not part of TFIIH (18) . To determine whether other NER DNA repair pathway genes affect transduction efficiency, isogenic mutant and complemented XPA cell lines were examined (19) . The mutant cell line encodes an XPA mutation at the splice site of exon 3 resulting in early termination of the protein [XPA(Y116ter)]. The NER defect of the XPA(Y116ter) cell line was confirmed by sensitivity to UV (Fig. 5C ). We observed no difference in the HIV-GFP transduction efficiency between isogenic XPA mutant and rescued cell lines (Fig. 1C, left) . We conclude that the effect on HIV transduction efficiency observed in XPB and XPD cells is associated with TFIIH but not necessarily other NER proteins.
The MSH2 protein is a necessary component of the mismatch repair (MMR) pathway. MEFs derived from MSH2 WT and null littermates were transduced with HIV-GFP (20) . We observed no difference in the transduction efficiency between MSH2 WT and null cell lines, suggesting that the MMR pathway has no effect on retroviral transduction (Fig. 1C, right) .
Replicating Retroviral Infection. The effects of NER-associated mutations were evaluated by replicating retroviral infection. XPB, XPD, and XPA mutant and complemented cell lines were infected with an amphotropic MMLV (21) . Unlike HIV, MMLV requires cellular division for successful infection. Reverse transcription (RT) activity in the supernatant of infected cultures indicated that replicating MMLV viral production was higher in XPB(F99S) and XPD(R683W) cell lines compared with their complemented counterparts (Fig. 2) . RT activity increased 3-fold 9 days after infections in XPB cells and 4-fold 8 days after infections in XPD cells. The greater difference observed in the XPD cell lines contrasts transduction experiments where the difference was more subtle. This effect may be due, in part, to the decreased doubling time of the XPD-wt cells compared with XPD(R683W), resulting in fewer cell divisions necessary for MMLV infection. In contrast to XPB and XPD cell lines, MMLV replication in XPA(Y116ter) and XPA-wt cell lines was equivalent ( Fig. 7 , which is published as supporting information on the PNAS web site). We conclude that the TFIIH͞NER components XPB and XPD, and not the basal NER recognition factor XPA, affect retroviral replication.
Reduction of HIV Transduction Is Not Related to Apoptosis. Several studies with cell lines defective for DNA repair have proposed apoptosis as a response to retroviral infection (1, 2, (22) (23) (24) . To test this possibility, the isogenic XPB and XPD mutant and rescued cell lines were transduced with the HIV-GFP vector, and apoptosis was examined by trypan blue exclusion and͞or activation of caspase 3 (Fig. 8 , which is published as supporting information on the PNAS web site; data not shown). Comparison of nontransduced cells to transduced cells suggested that there is little, if any, apoptotic response to transduction (Fig. 8) . We conclude that the differences in integration efficiency are not due to apoptosis.
Kinetics of HIV cDNA. We examined the kinetic production of HIV cDNA during transduction by real-time quantitative fluorescent PCR (qPCR) (25) . The PCR primers and probe detect late RT products and are a measure of full-length, double-stranded cDNA molecules. This value was compared to the host genomic DNA marker PBGD to calculate the number of viral cDNA molecules per cell (26) . The XPB-wt and XPB(F99S) mutant cell lines were transduced with the HIV-GFP retroviral vector at 20 MOI 293T (Fig. 3A ) and 3 MOI 293T (Fig. 6C) , and the kinetics of viral cDNA were monitored after infection. We found that the number of cDNA molecules was greater in the XPB(F99S) mutant cells compared with the XPB-wt cells (20 MOI 293T , P ϭ 0.0005; 3 MOI 293T , P ϭ 0.004). Quantitation also revealed more 2LTR circles (P ϭ 0.005) and integrated provirus (P ϭ 0.017) in XPB(F99S) cells compared with XPB-wt cells (Fig. 3 C and D) .
HIV cDNA accumulation also was evaluated by qPCR in isogenic XPD(R683W) mutant and XPD-wt cell lines (Figs. 3B  and 6D ). The number of full-length cDNA molecules was greater in the XPD(R683W) mutant cells compared with the XPD-wt cells (20 MOI 293T , P Ͻ 0.0001; 3 MOI 293T , P ϭ 0.002). As the cDNA is degraded, the relative difference between the cDNA in paired cell lines remains nearly constant at each time point. We also observed more integrated proviruses (P ϭ 0.005) in the XPD(R683W) mutant cells compared with XPD-wt (Fig. 3D) . The number of 2LTR circles was slightly decreased in XPD(R683W) mutant cells, but the difference was not statisti- cally significant (P ϭ 0.3; Fig. 3C ). These results are consistent with the conclusion that XPB and XPD affect transduction efficiency by reducing the relative number of linear cDNA molecules.
The effect of XPB and XPD mutations on the accumulation of HIV cDNA also was tested with an integrase mutant virus [HIV (IN-D116N)-GFP; Fig. 9 , which is published as supporting information on the PNAS web site]. The HIV (IN-D116N) -GFP virus encodes the integrase mutation D116N in the catalytic site DDE motif necessary for integration (27) . The D116N mutation allows the expression of integrase protein, but it is unable to complete integration. Equivalent RT units of mutant or WT integrase virus particles were used to transduce XPB and XPD isogenic mutant and rescued cell lines. The accumulation of viral cDNA appeared the same for both the mutant HIV (IN-D116N) -GFP and WT HIV-GFP vectors (Fig. 9) . We conclude that integrase catalytic activity does not affect the accumulation of HIV cDNA. These results suggest that XPB and XPD act on the HIV cDNA before integration. Moreover, XPB and XPD would not appear to be recognizing any form of integration intermediate associated with the host chromosome.
HIV cDNA Stability. The reduced accumulation of HIV cDNA in XPB-wt and XPD-wt cell lines could be a result of reduced RT-dependent cDNA synthesis or increased cDNA degradation after RT. To distinguish these two possibilities, we examined the stability of existing HIV cDNA in cells treated with the nonnucleoside reverse transcriptase inhibitors (NNRTI) efavirenz or foscarnet. If XPB and XPD affect cDNA synthesis, then the rate of cDNA degradation should be similar for mutant and rescued (wt) cell lines. We compared the total HIV cDNA of infected cells treated with an NNRTI to infected untreated cells (Fig. 4) . The XPB(F99S) mutant cells showed a significantly slower decline in the number of cDNA molecules per cell than the isogenic XPB-wt cells ( Efavirenz had no effect on transductions with the HIV-RT(K103N) resistance mutant (Fig. 10 , which is published as supporting information on the PNAS web site), suggesting that efavirenz is specifically inhibiting RT during the transduction. We observed a similar effect on the half life of HIV cDNA after treatment with the unrelated NNRTI foscarnet (Fig. 4B) . These results are consistent with the conclusion that the TFIIH component proteins XPB and XPD enhance the degradation of HIV cDNA, thereby decreasing the pool of available cDNA for integration and, ultimately, decreasing the integration efficiency.
Discussion
The TFIIH proteins XPB and XPD appear to play a principal role in the degradation of retroviral cDNA. Moreover, the XPB͞XPD-dependent reduction of HIV cDNA results in decreased successful integration events. Although TFIIH has been shown to interact with the HIV protein Tat and enhance transcription from the LTR promoter (28, 29) , this effect appears unrelated to our results because Tat is not present in these retroviral vectors or is not replicating MMLV.
Because XPB and XPD are essential components of the basal transcription machinery, it is not possible to generate null cells. The mutant XPB and XPD cell lines tested in these studies are functional hypomorphs with reduced XPB and XPD transcription or NER activity. The HIV and MMLV transduction efficiencies uniquely correlated with decreased NER function (XPB(F99S) Ͼ XPD(R683W) Ͼ XPB(T119P) Ϸ WT). However, an XPA NER mutant did not affect the transduction efficiency. These results suggest that the function of TFIIH (XPB͞XPD) in HIV cDNA degradation is discrete from both the transcription or NER apparatus. Other novel activities of TFIIH have been described that include ubiquitin ligase, interaction with the molecular chaperone Hsp90, and inhibition of short sequence recombination (30) (31) (32) . Because TFIIH is not known to exhibit an exonuclease activity, it is likely that host factors in addition to XPB and XPD are required to mediate the degradation of LTR retroelement cDNA.
Other host defense mechanisms against HIV infection have been described that appear to be cytoplasmic (33) (34) (35) (36) (37) . The XPB͞XPD defense pathway appears to represent a previously undescribed example of a nuclear host defense against retroviral infection, because these proteins are reportedly exclusive nuclear residents (10) .
Similar studies have been performed with the yeast LTR retrotransposon Ty1. Mutation of the S. cerevisiae XPB homolog, Ssl2, or XPD homolog, Rad3, led to an increase in Ty1 cDNA and a subsequent increase in transposition frequency (38, 39) . Mutations of other NER genes had no effect on Ty1 transposition frequency. The mutated residues of Ssl2(E556K) and Rad3(G595R) identified in the yeast screen differ from the human mutations of XPB(F99S) and XPD(R683W) studied here. Both the yeast studies and our results suggest a greater effect of XPB (Ssl2) compared with XPD (Rad3) on LTR retroelement integration. This difference may reflect a greater significance of XPB protein activity in the cDNA degradation pathway. The similarity between the human and yeast studies suggests an evolutionarily conserved defense against invading LTR retroelements.
XPB or XPD patients are very rare and typically do not advance to sexual maturity. The rarity and genetics suggest that any possible increased risk for HIV infection might not be detected. However, a number of polymorphisms of the XPB and XPD genes exist in the human population with unknown significance to HIV pathogenesis. Because several of these alterations have been associated with increased cancer risk, their role in HIV pathogenesis deserves investigation (40) .
Materials and Methods
Cell Lines. All media reagents were obtained from Mediatech. Cell lines are described in Table 1 and are available upon request. Media was supplemented with 10% heat-inactivated FCS, penicillin, streptomycin, and L-glutamine.
XPB cell lines were originally described by Riou et al. (12) . XPB cell lines include the XP͞CS patient-derived cell line expressing the mutant allele XPB(F99S), a TTD patient-derived cell line expressing the mutant allele XPB(T119P), the XPB(F99S) cell line complemented with the XPB(T119P) allele (yielding a partial rescue of XPB activity and referred to here as XPB-prt), the XPB(F99S) cell line complemented with the WT XPB allele (referred to here as XPB-wt) (12) . XPB(F99S) and XPB-wt cell lines were grown in DMEM͞F10. The XPB-prt growth media was supplemented with 400 g͞ml G418. The XPB(T119P) cell line was grown in MEM.
XPD cell lines were originally described by Gozukara et al. and are available through the Coriell Cell Repository (16) as well as by Marionnet et al. (17) . XPD cell lines include one XP patientderived cell line [XPD(R683W) #1] encoding two XPD mutations, one allele encoding a 78-nt deletion that is not expressed, and the second allele encoding the R683W mutation (16) . This XPD(R683W) mutant cell line was complemented with the WT XPD allele (16) . The XPD(R683W) #1-derived cell lines were grown in DMEM. The XPD-wt #1 growth media was supplemented with 600 g͞ml G418. A second XP patient-derived XPD mutant cell line [XPD(R683W) #2] encodes the R683W mutation on both alleles (17) . This XPD mutant cell line also was complemented with the WT XPD allele (17) . The XPD(R683W) #2-derived cell lines were grown in MEM.
XPA cell lines have been described by Levy et al. (19) and are available through the Coriell Cell Repositories (Camden, NJ) (19) . The patient-derived XPA cell line [XPA(Y116ter)] was complemented with the WT XPA allele (referred to in the text as XPA-wt). Both complemented and mutant XPA cell lines were grown in DMEM. MSH2 mice were described by Cranston et al. (20) . MSH2 WT (MSH2ϩ͞ϩ)and MSH2Ϫ͞Ϫ littermate murine embryonic fibroblasts (MEFs) were at passage 3 during transduction. MEFs were grown in DMEM (20) .
UV Survival. Cells were assayed for UV sensitivity as described with the following modifications (41). Incubation of 10 5 cells was performed in triplicate dishes for 2 days in media with 0.2% FCS, washed with PBS, and irradiated at 254 nm (Stratalinker; Stratagene). PBS was replaced with media containing 0.5% FCS. Ten days later, cellular viability was determined by trypan blue exclusion.
Retrovirus and Retroviral Vector Particles. The construct pAMS encodes a provirus of amphotropic MMLV (21) . 293T cells were transiently transfected with the pAMS plasmid by calcium phosphate precipitation. Viral supernatants were collected, filtered to remove producer cells, and added to 3T3 cells to test for infectivity. Viral replication was monitored by RT activity in the media.
Target cells for pAMS infections were plated at 10 5 cells per well in triplicate in six-well dishes. The RT activity from infected 3T3 cells was measured, and 10 5 cpm was added to the target cells in triplicate and in the presence of 10 g͞ml DEAE Dextran (Sigma). RT activity of supernatants was monitored for at least 2 weeks. Cells were split to 2 ϫ 10 5 per well after becoming confluent throughout the course of infection.
HIV-based retroviral vector particles were generated by transfection of 293T cells. The three plasmids include an envelope construct-encoding VSV-G, the HIV-packaging construct ⌬R9 (14) , and the genomic construct p156RRLsinPPTCMVGFPPRE-expressing GFP from a CMV promoter (13) . The integrase D116N catalytic site mutant and RT K103N efavirenz-resistant mutant were engineered into ⌬R9 and confirmed by sequencing (27, 42) . Similar to HIV vector particles, MMLV vector particles were generated by transfection of 293T cells. The three MMLV vector plasmids include the envelope construct encoding VSV-G, the MMLV packaging construct pHIT60, and the genomic pLEGFP-CI expressing GFP from a CMV promoter (Clontech). Transfections were by the calcium phosphate method (43) . Vector supernatants were collected and filtered to remove vector producer cells. Vector supernatants were treated with 10-20 units of DNaseI (Roche) for 1 h at ambient temperature to degrade producer plasmids before transductions (25, 44) . Titers of vector particles were determined by transduction of 293T cells and quantified by expression of GFP by flow cytometry (Coulter XL-MCL or Becton Dickinson FACSCalibur). Thus, the functional quantification of vector particles expressed as ''MOI'' (MOI 293T ) is determined by transduction of 293T cells.
Mutant and rescued cell lines were plated in six-well dishes at 4 ϫ 10 5 cells per well at the beginning of infections. HIV-based vector particles were added to mutant and rescued cell lines in the presence of 10 g͞ml DEAE dextran at 1 MOI 293T for flow cytometry studies and at 3 MOI 293T and 20 MOI 293T for qPCR experiments. MMLV-based vector particles were added to mutant and rescued cell lines in the presence of 10 g͞ml DEAE dextran at 2 MOI 293T . Cells were fixed with 4% paraformaldehyde at 48 h and analyzed by flow cytometry.
RT Assays. MMLV replication was monitored by RT activity in the culture supernatants. MMLV RT activity was measured by the Quan-T-RT assay (Amersham Pharmacia Biosciences) with the following modification, 1ϫ assay buffer was 12.5 mM Hepes, pH 7.6͞30 mM KCl͞4 mM MnCl 2 ͞12 mM spermidine͞ 0.05% Nonidet P-40͞3 mM 2-mercaptoethanol (45) .
Because HIV integrase D116N catalytic site mutants do not integrate, these mutant vector particles could not be titered by GFP expression (27) . HIV RT activity of WT integrase vector particles and D116N integrase mutant vector particles was measured by the Quant-T-RT assay as per the manufacturer's instructions. Equivalent HIV RT units of WT integrase and D116N mutant integrase vector particles were added to cells during infections.
The RT activities of WT HIV and HIV-RT(K103N) were tested in the presence or absence of efavirenz. WT RT was sensitive to efavirenz, and RT(K103N) was resistant (data not shown).
Cellular Viability Assays. Cell lines were treated with 0, 0.5, or 2 MOI 293T HIV vector particles in the presence of 10 g͞ml DEAE dextran for 2 h and then refed with fresh media. Viable cells were counted by trypan blue exclusion at 0, 24, and 48 h. Apoptotic cells were measured with the phycoerythrinconjugated polyclonal active caspase-3 antibody apoptosis kit (BD Pharmingen) and flow cytometry.
Quantitative PCR. Cells were transduced with HIV vector particles in the presence of 10 g͞ml DEAE dextran for 2 h. Genomic DNA from duplicate wells was harvested at 8, 24, 48, and 72 h
